Introduction
Mobile and wireless communication systems have now arrived at the point where substancial advances in antenna technology have become a critical issue. The majority of these systems consist of an antenna array combined with an appropriate signal processing (Soni et al., 2002; Godara, 2002) , i.e., the antenna elements are allowed to work in concert by means of array element phasing, which is accomplished with hardware or is performed digitally. In these systems, the antenna array performance over a certain steering range is of primary concern. In this case, the antenna array design problem consists of finding weights that make the radiation pattern satisfy the desired characteristics (a maximum directivity, a minimum side lobe level, etc), so the direction of the main beam can be steered at will. Generally, the design problem is formulated as an optimization problem. The design of antenna arrays has a nonlinear and non-convex dependence of elements parameters [Kurup et al. 2003 ], because of that, the interest has been focused on stochastic search techniques, such as simulated annealing (Murino et al., 1996) , and mainly, genetic algorithms (GA's) (Ares-Pena et al., 1999; Haupt, 1994; Haupt, 1995; Panduro et al., 2005; Rahmat-Samii et al, 1999; Weile et al., 1997; Yan et al., 1997) , widely used in electromagnetic problems, including the synthesis of phased antenna arrays (Mailloux, 2005; Hansen, 1998) . The antenna arrays optimization for improving performance represents an open line of research in the antenna design field. In the application of evolutionary optimization techniques for designing antenna arrays, it has been considered the design of different phased array structures, such as the linear arrays (Bray et al., 2002; Panduro, 2006) and the circular arrays , among others. The design of planar arrays is dealt with in (Bae et al., 2005) . In many design cases, it has been considered the optimization in the design of scannable arrays with non-uniform separation (Bray et al., 2002; Bae et al., 2004; Junker et al., 1998; Tian et al., 2005; Lommi et al., 2002) . In this chapter it is considered the case of designing scannable arrays with the optimization of the amplitude and phase excitations for maximum side lobe level reduction in a wide scanning range. The purpose of this chapter is to investigate the behavior of the radiation pattern for the design of different phased array structures (linear and circular arrays) considering the optimization of the amplitude and phase excitation across the antenna elements, by using the well-known method of Genetic Algorithms. Due to the great variety of parameters involved, optimization techniques such as Genetic Algorithms are very appropriate tools to search for the best antenna array models. The primary focus of this chapter is to present a study of the application of GA techniques to the design of scannable linear and circular arrays in a uniform geometry considering the optimization of the amplitude and phase excitation across the antenna elements. This study considers the design of scannable linear and circular arrays to be a problem optimizing a simple objective function. This objective function considers the synthesis of the radiation diagram with desired characteristics of the side lobe level and the directivity in a wide steering range. The contribution of this work is to present a model for the design of scannable linear and circular arrays that includes the synthesis of the radiation diagram using the method of genetic algorithms. The remainder of this chapter is organized as follows. Section 2 states the design of phased linear arrays. A description of the objective function used by the genetic algorithm and the obtained results for this design problem are presented in this section. Following the same design philosophy, the design of phased circular arrays is presented in the section 3. Discussions and open problems are presented in the section 4. Finally, the summary and conclusions of this work are presented in the section 5.
Design of phased linear arrays
The design of scannable linear arrays has been dealt with in many papers. In these documents, the study has been focused mainly to design scannable linear arrays with nonuniform separation (Bray et al., 2002; Bae et al., 2004; Junker et al., 1998; Tian et al., 2005; Lommi et al., 2002; Panduro et al., 2005) ., i.e, the performance of the array is improved, in the sense of the side lobe level, optimizing the spacing between antenna elements. In this case, it is presented the design of scannable linear arrays optimizing the amplitude and phase excitations across the antenna elements. It is believed by the authors that the performance of the array could be improved substantially, with respect to the linear array with the conventional progressive phase excitation, if the amplitude and phase excitations are set or optimized in an adequate way. Next, it is presented the theoretical model for the design of scannable linear arrays.
Theoretical model
Consider a scannable linear array with N antenna elements uniformly spaced, as shown in figure 1 . If the elements in the linear array are taken to be isotropic sources, the radiation pattern of this array can be described by its array factor (Stutzman, 1998) . The array factor for a conventional linear array in the x-y plane is given by (Balanis, 2005) (1)
In this case, the array factor for a linear array with phase excitation is created by adding in the appropriate element phase perturbations, P = [δβ 1 , δβ 2 , ..., δβ N ], δβ i represents the phase perturbation of the ith element of the array, such that (2) In these equations, I = [I 1 , I 2 , ..., I N ], I i represents the amplitude excitation of the ith element of the array, ψ n =kd n cosθ 0 , θ 0 is the direction of maximum radiation, k = 2π/λ is the phase constant and θ is the angle of incidence of a plane wave, λ is the signal wavelength. The idea of adding perturbations in the conventional array factor is that the optimization algorithm searches possible optimal phase excitations in angles near the direction of desired maximum gain. The optimization process developed in this paper for generating arrays that have radiation patterns with low side lobe level will be based on (2). We now need to formulate the objective function we want to optimize.
Objective function used to optimize the design of linear arrays.
The objective function is the driving force behind the GA (Goldberg, 1989) . It is called from the GA to determine the fitness of each solution string generated during the search. In this case, each solution string represents possible amplitude excitations and phase perturbations of antenna elements. As already being pointed out, the objective of the present study is to evaluate the radiation pattern of scannable linear arrays in a uniform geometry considering the optimization of the amplitude and phase excitation across the antenna elements. In this case, it is studied the behavior of the array factor for the scanning range of 50°≤θ 0 ≤130° with an angular step of 10°. In order to calculate the objective function of an individual, the procedure described below is followed.
1. A set of 1000 points is used to specify a desired radiation pattern with direction of maximum gain in each angle of the scanning range. Each point represents the ith desired normalized radiation pattern value.
2. An individual is generated by the GA (amplitude excitations and phase perturbations of antenna elements). Each individual is in general represented by a vector of real numbers, i.e., I = [I 1 , I 2 , ..., I N ], and a vector of real numbers restrained on the range (0, 2π), i.e., P = [δβ 1 , δβ 2 , ..., δβ N ]. 3. The value of the objective function is calculated as (3) where θ MSL is the angle where the maximum side lobe is attained, and DIR the directivity for the radiation pattern. In this case, the design problem is formulated as minimize the objective function of. 4. A random population of individuals is generated and the genetic mechanisms of crossover, survival and mutation are used to obtain better and better individuals, until the GA converges to the best solution or the desired goals are achieved. The results of using a GA for the design of scannable linear arrays are described in the next section.
Results obtained for the design of phased linear arrays
The method of Genetic Algorithms was implemented to study the behavior of the radiation pattern for scannable linear arrays. In this case, it is studied the behavior of the array factor for the scanning range of 50°≤θ 0 ≤130°. Several experiments were carried out with different number of antenna elements. In the experiments the algorithm parameters, after a trial and error procedure, were set as follows: maximum number of generations rmax = 500, population size gsize = 200, crossover probability pc = 1.0 and mutation probability pm = 0.1. A selection scheme combining Fitness Ranking and Elitist Selection (Goldberg, 1989) was implemented instead of a common weighted roulette wheel selection. The used genetic operators are standard: the well known two point crossover (Goldberg, 1989) along with a single mutation where a locus is randomly selected and the allele is replaced by a random number uniformly distributed in the feasible region. The obtained results are explained below. Figure 2 shows the behavior of the radiation pattern for a scannable linear array with the amplitude and phase excitation optimized by the GA. The separation between antenna elements is set as d=0.5λ. In this case, we illustrate the examples for a) N=6, b) N=8, c) N=12. As shown in the examples of the Figure 2 , the Genetic Algorithm generates a set of amplitude and phase excitations in each angle of the scanning range to provide a normalized array factor with a side lobe level < -20 dB in the steering range. The optimization of the array can maintain a low side lobe level without pattern distortion during beam steering. Numerical values of the side lobe level, directivity, amplitude and phase perturbation distributions for the array factor illustrated in Figure 2 are presented in the Table 1 . Table 1 illustrates that the design case with the amplitude and phase optimized by the GA could provide a better performance in the side lobe level with respect to the conventional case. These low values of the side lobe level for the optimized design case could be achieved with very similar values of directivity and the same aperture in both design cases. Table 1 . Numerical values of the side lobe level (SLL), directivity (DIR), amplitude and phase perturbation distribution for the array factor illustrated in Fig. 2, a) From the results shown previously, it is illustrated a perspective of designing scannable linear arrays in a uniform structure with amplitude and phase optimization using genetic algorithms. The genetic algorithm efficiently computes a set of antenna element amplitude and phase excitations in each angle of the steering range in order to provide a radiation pattern with maximum side lobe level reduction in all scanning range. The optimized design case provides a considerable side lobe level reduction with respect to the conventional phased array, with very similar values of directivity and maintaining the same aperture. The design case for phased circular arrays is presented in the next section.
Design of phased circular arrays
Among antenna array configurations, the phased linear array is the most common form employed in cellular and personal communication systems (PCS) (Song et al., 2001 ). However, 360° scanning of the radiation beam can be obtained by combining a few linear arrays whose sector scans add to give the desired 360° scan. This could result in objectionably high costs, i.e., the array cost, the control complexity, and the data processing load are increased. Furthermore, the radiation pattern varies with the scan angle, i.e., the gain of a linear array degrades in its end-fire directions giving way to interference coming from other directions (Durrani et al., 2002) . Unlike the linear array, the performance of the circular arrays (Du, 2004; Goto et al., 1977; Tsai et al., 2001; Tsai et al., 2004; Vescovo, 1995; Watanabe, 1980) has not been extensively studied. Therefore, in this section it is presented the design of scannable circular arrays optimizing the amplitude and phase excitations across the antenna elements. It is believed by the authors that an evaluation of the array factor for scannable circular arrays optimized by GA's considering a scanning range in all azimuth plane (360°) has not been presented previously. Depending on the performance improvement that we could get (in terms of the side lobe level and the directivity) with respect to the circular array with the conventional progressive phase excitation, this information could be interesting for antenna designers. Next, it is presented the theoretical model for this design case.
Theoretical model
Consider a circular antenna array of N antenna elements uniformly spaced on a circle of radius a in the x-y plane. The array factor for the circular array shown in Figure 1 , considering the center of the circle as the phase reference, is given by (4) where Δφ n =2π(n-1)/N for n=1,2, …, N is the angular position of the nth element on the x-y plane, ka=Nd, i.e., a=Ndλ/2π, I = [I 1 , I 2 , ..., I N ], I n represents the amplitude excitation of the nth element of the array, φ 0 is the direction of maximum radiation and φ is the angle of incidence of the plane wave. As it was established for the linear array case, the array factor with phase excitation is created by adding in the appropriate element phase perturbations, P = [δβ 1 , δβ 2 , ..., δβ N ], δβ i represents the phase perturbation of the ith element of the array, such that (5) where
It is important to mention that as the center of the circle is taken as the phase reference in the array factor, it is considered a symmetrical excitation for the optimization process, i.e, the phase perturbation would be given in the next way I 1 exp(jδβ 1 ), …, I N/2 exp(jδβ N/2 ), I N/2+1 exp(jδβ N/2+1 )=I 1 exp(-jδβ 1 ), …, I N δβ N =I N/2 exp(-jδβ N/2 ). Note that we will have N/2 amplitude and phase excitations in the optimization process. As already being pointed out, the objective of this section is to present an evaluation of the array factor for scannable circular arrays in a uniform geometry considering the optimization of the amplitude and phase excitation across the antenna elements. In this case, it is studied the behavior of the array factor for the scanning range of 0°≤φ 0 ≤360° with an angular step of 30°. In this case, the objective function and the optimization process are set as they were presented for the linear array case, with the considerations of the scanning range and the symmetrical excitation aforementioned. The results of using the GA for the design of scannable circular arrays are described in the next section.
Results obtained for the design of phased circular arrays
The application of a phased circular array has sense when it is used to have a scanning range in all azimuth plane (360°). Therefore, the method of GA's was implemented to evaluate the behavior of the array factor for the scanning range of 0°≤φ 0 ≤360° with an angular step of 30°. Next, some examples of the obtained results for the design of scannable circular arrays are explained. Figure 4 shows the behavior of the array factor for a scannable circular array with the amplitude and phase excitation optimized by the GA. In this case, the separation between antenna elements is set as d=0.5λ, and it is illustrated the examples for a) N=12 and b) N=18.
The numerical values of the side lobe level, directivity, amplitude and phase perturbation distributions for the array factor shown in Figure 4 are presented in the Table 2. (a) (b) Figure 4 . Behavior of the radiation pattern for a scannable circular array in a steering range of 0°≤φ 0 ≤360° with the amplitude and phase excitation optimized by the GA, a) N=12, b) N=18. Figure 4 and the Table 2 , the results of the side lobe level and the directivity for the optimized design are surprising. Observing the results, the conventional case of progressive phase excitation provides a SLL= -7.16 dB, and DIR=10.6 dB for a) N=12, and a SLL= -7.9 dB, DIR=12 dB for b) N=18. For the case of the optimized design, it is obtained a SLL min = -12.17 dB, SLL max = -13.68 dB and DIR min =11.35 dB, DIR max =11.56 dB for a) N=12, and a SLL min = -13.50 dB, SLL max = -16.74 dB and DIR min =12.96 dB, DIR max =13.23 dB for b) N=18. These values mean a substantial improvement in the performance of the array for the design optimized by the GA with respect to the conventional case, i.,e, it is obtained a substantial improvement in the sense of the side lobe level and an improvement of about 1 dB in the directivity, maintaining the same scanning range and the same aperture.
As illustrated in the
(a) Table 2 . Numerical values of the side lobe level (SLL), directivity (DIR), amplitude and phase perturbation distribution for the array factor illustrated in Fig. 4, a) N=12, b) N=18. 
Discussions and open problems
The main objective of this chapter is to illustrate the application of an evolutionary optimization technique in the problem of designing scannable antenna arrays with geometry lineal and circular. A genetic algorithm is applied to evaluate the performance of scannable linear and circular arrays optimizing the amplitude and phase excitations across the antenna elements. The results obtained for the design of scannable linear and circular arrays reveal that the performance of the phased array could be improved substantially, with respect to the conventional case of progressive phase excitation, if the amplitude and phase excitations are optimized in an adequate way by an evolutionary algorithm. 
Conclusions
This chapter illustrates how to model the design of phased linear and circular arrays with the optimization of the amplitude and phase excitations for improving the performance of the array in the sense of the side lobe level and the directivity. In the case of the scannable linear arrays, the experimental results illustrated that the design of scannable linear arrays with the amplitude and phase optimized with the use of genetic algorithms could provide a lower side lobe level (<-20 dB), with respect to a conventional phased linear array. In this case, these values of the side lobe level for the optimized design case are achieved with very similar values of directivity and the same aperture in both design cases. For the case of the scannable circular arrays, the obtained results illustrated that the optimization of the array could provide a substantial improvement in the side lobe level and an improvement of about 1 dB in the directivity, with respect to the conventional case of progressive phase excitation. These improvements in the performance of the array are achieved maintaining the same scanning range, i.e., in all azimuth plane (360°), and the same aperture. Future research will be aimed at considering the application and performance evaluation of new evolutionary algorithms in the design of different array geometries to understand which algorithm fits best a given problem. Also, the answer for the proposed set of questions will be investigated. Furthermore, it will be investigated the application of evolutionary techniques in the optimization of different phased arrays considering the feeding network in order to simplify the beam-forming network.
